Transmission spectroscopy is a powerful technique widely used to probe exoplanet terminators. Atmospheric retrievals of transmission spectra are enabling comparative studies of exoplanet atmospheres. However, the atmospheric properties inferred by retrieval techniques display a significant anomaly: most retrieved temperatures are far colder than expected. In some cases, retrieved temperatures are ∼ 1000 K colder than T eq . Here, we provide an explanation for this conundrum. We demonstrate that erroneously cold temperatures result when 1D atmospheric models are applied to spectra of planets with differing morning-evening terminator compositions. Despite providing an acceptable fit, 1D retrieval techniques artificially tune atmospheric parameters away from terminator-averaged properties. Retrieved temperature profiles are hundreds of degrees cooler and have weaker temperature gradients than reality. Retrieved abundances are mostly biased by > 1σ and sometimes by > 3σ, with the most extreme biases for ultra-hot Jupiters. When morning-evening compositional differences manifest for prominent opacity sources, H 2 O abundances retrieved by 1D models can be biased by over an order of magnitude. Finally, we demonstrate that these biases provide an explanation for the cold retrieved temperatures reported for WASP-17b and WASP-12b. To overcome biases associated with 1D atmospheric models, there is an urgent need to develop multidimensional retrieval techniques.
INTRODUCTION
The atmospheric composition and temperature structure of planetary atmospheres are key to understanding the physical processes shaping these worlds. Transmission spectroscopy has proved one of the most successful methods to characterise exoplanetary atmospheres. Observations from the ground and space have yielded detections of various atoms, molecules, and ions (e.g. Deming et al. 2013; Sedaghati et al. 2017; Spake et al. 2018; Hoeijmakers et al. 2018) . Sufficiently high-precision observations contain information on terminator temperature structures (Barstow et al. 2013; Rocchetto et al. 2016) . With over 40 exoplanets now possessing transmission spectra , comparative studies of exoplanetary atmospheres are underway Barstow et al. 2017; Tsiaras et al. 2018; Fisher & Heng 2018; Pinhas et al. 2019; . A key goal is to measure abundances for a range of volatile species, offering a crucial link to exoplanetary formation mechanisms (e.g. Öberg et al. 2011; Piso et al. 2016) .
Atmospheric properties can be derived from exoplanet spectra via atmospheric retrieval techniques. Retrievals couple a parametric atmosphere and radiative transfer model to a Bayesian sampling algorithm (Madhusudhan 2018) , yielding statistical constraints on model parameters (abundances, temperature, etc.) . Precise atmospheric constraints require high-precision observations over a long spectral baseline, including both optical and near-infrared data (e.g. Wakeford et al. 2018; Pinhas et al. 2019 ). However, reliable atmospheric inferences further require the retrieval model itself to encapsulate the true nature of the planet under study. For example, a retrieval excluding a molecule which is actually present may arrive at an erroneous solution, despite obtaining a decent spectral fit, by tuning other atmospheric properties away from their real values. Note-all retrieved temperatures come from studies satisfying the following criteria: (i) both optical and near-IR data are included; (ii) temperatures and chemical abundances are free parameters; and (iii) radiative transfer is numerically evaluated, rather than using semi-analytic approximations. Where a non-isothermal temperature profile is used, T (1 µbar) is quoted. The skin temperature is given by T skin = 2 −1/4 Teq. The temperature differences and ratios use the median retrieved values. Here, we draw attention to an anomaly which has emerged from retrieval studies of transmission spectra: almost all retrieved temperatures are notably cooler than planetary equilibrium temperatures. In Table 1 , we summarise inferred temperatures of exoplanet terminators from the literature. The retrieved temperatures of most hot Jupiters are seen to reside ∼ 200 − 600 K cooler than T eq , whilst for ultra-hot Jupiters this increases to 1000 K. Stratospheric temperatures are not expected to be much cooler than the skin temperature, T skin = 2 −1/4 T eq (e.g. Barstow et al. 2013) , however, 11 of the 16 planets in Table 1 have median retrieved temperatures colder than their skin temperature. We focus on studies including both optical and infrared data, free chemical abundances, and numerical radiative transfer. This ensures any trends are unbiased by limited wavelength coverage (Wakeford et al. 2018; Pinhas et al. 2019) , equilibrium chemistry assumptions, or semianalytic approximate methods (see . We note that infrared only retrievals have also reported anomalously cold temperatures (e.g. Kreidberg et al. 2014; Tsiaras et al. 2018 ); here we focus on the subset also including optical data to mitigate potential biases arising from the absence of a spectral continuum (cf. Heng & Kitzmann 2017) .
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In this study, we offer an explanation for the cold temperatures retrieved from transmission spectra. We propose these cold temperature arise from retrievals assuming 1D compositions and temperatures, such that the atmospheric properties experienced by rays traversing the terminator depend only on altitude. However, 3D General Circulation Models (GCMs) predict large gradients along the slant path (day-night differences) and azimuthally around the terminator (morning-evening differences) (e.g. Kataria et al. 2016; Helling et al. 2019) .
Recently, several studies have elucidated biases from 1D retrieval assumptions. Line & Parmentier (2016) showed transmission spectra of solar-composition atmospheres with patchy clouds can be mistaken for 1D cloud-free high mean molecular weight atmospheres. Caldas et al. (2019) and Pluriel et al. (2020) found 1D transmission spectra retrievals of planets with day-night Figure 1 . Schematic explanation of the cold retrieved temperatures of exoplanet terminators. Left: a transiting exoplanet with a morning-evening temperature difference (observer's perspective). Differing temperature and abundance profiles encode into the planet's transmission spectrum. Right: the observed spectrum is analysed by retrieval techniques assuming a uniform terminator. The retrieved 1D temperature profile required to fit the observations is biased to colder temperatures. temperature and compositional gradients can be biased to higher temperatures (by 200 K) and to erroneous abundances (with C/O overestimated by orders of magnitude). In parallel, Feng et al. (2016) and Taylor et al. (2020) showed 1D emission spectra retrievals of planets with 2D temperature structures can suffer from spurious molecular detections and abundance biases. However, these biases do not explain the cold temperatures from transmission spectra in Table 1 , suggesting the existence of an additional bias beyond those hitherto uncovered.
In this letter, we demonstrate that compositional differences around a terminator can bias 1D retrieved temperatures to be cooler than the true average temperature; consequently, retrieved abundances are also biased. In what follows, we explore the origin and implications of this effect. We begin with an analytic treatment, before proceeding to retrievals of synthetic exoplanet spectra.
THEORETICAL BASIS: ASYMMETRIC TERMINATOR RETRIEVAL BIASES
Consider a transiting exoplanet with a temperature difference between its morning and evening terminators, as illustrated in Figure 1 . For tidally locked planets, this can arise from various circulation regimes between the dayside and nightside. A temperature difference can in turn induce a compositional difference -by equilibrium or disequilibrium mechanisms -and hence an opacity difference around the terminator. These differences are imprinted into the transmission spectrum of the planet.
Here, we demonstrate that equating the transmission spectrum of a 2D atmosphere with a morning-evening compositional difference to a 1D atmosphere results in an erroneously cool equivalent temperature.
Analytic origin of 2D terminator biases
A transmission spectrum is given by the wavelengthdependent area ratio between a transiting planet and its star
where R * and R p are the stellar and planetary radii, respectively, b is the impact parameter, θ is the azimuthal angle, and τ λ (b, θ) is the slant optical depth -the extinction coefficient integrated along the line of sight. The first term represents the disc area of the opaque deep atmosphere at a reference pressure P (r = R p ) = P 0 . The second term gives the effective area of successive atmospheric elements in a polar coordinate system, weighted by the absorptivity of each element. For a 1D atmosphere, this expression reduces to
Analytical tractability arises via the following assumptions: (i) constant pressure scale height with altitude (i.e. an isothermal, isocompositional, isogravitational atmosphere); (ii) hydrostatic equilibrium and the ideal gas law hold; (iii) cross sections vary weakly with pressure (i.e. σ λ (P, T ) ≈ σ λ (T )); and (iv) atmospheric altitudes satisfy z/R p 1. With these assumptions, it is well established that Equation 2 
where H 1D = kT 1D /µg is the scale height of the 1D atmosphere (T 1D , µ, g, and k being respectively the 1D temperature, mean molecular mass, surface gravity, and Boltzmann constant), γ ≈ 0.57722 is the Euler-Mascheroni constant, and τ 0,λ,1D is given by 1
where X 1D,i and σ λ,i are the (1D) volume mixing ratio and absorption cross section of chemical species i, respectively.
For the 2D atmosphere depicted in Figure 1 , we can write Equation 1 as
where 'E' and 'M' denote the evening and morning terminators. To clearly isolate the effect of interest for the present study, we assume the atmosphere to be uniform within each terminator sector, along the day-night slant path (see Caldas et al. 2019) , and a morning-evening transition with negligible width (i.e. 'M' and 'E' both span ∆θ = π). Making the same simplifying assumptions as the 1D case (but now with two isotherms, T E and T M ), one obtains 2
Fitting a 1D model to a 2D spectrum is equivalent to setting ∆ λ,2D = ∆ λ,1D . One may expect this condition to result in equivalent 1D properties given by
terminator average temperature and mixing ratios. However, this is not the case. In Appendix A, we derive that the actual equivalent 1D temperature is 3
and W −1 (x) is the lower real branch of the Lambert W function 4 .f andg are dimensionless functions of the temperature and compositional differences between the evening and morning terminators:
They are given by
We now demonstrate that Equation 7 predicts T 1D < T readily occurs for ∆ ln X = 0 when X 1D =X (i.e. assuming mixing ratios are correctly retrieved -we revisit this in section 2.3).
Properties of the analytic solution
Equation 7 is graphically rendered in Figure 2 for a typical hot Jupiter (T = 1200 K) over a range ofτ 0,λ . Specifically, we show threeτ 0,λ surfaces considering different potential opacity sources for a hot Jupiter with R p = 1.4R J , g = 10 ms −2 , and µ = 2.3 m u . The first surface (τ 0,λ = 10 4 ) corresponds to H 2 O absorption around 1.4 µm (σ λ ∼ 10 −21 cm 2 , Sharp & Burrows (2007)) with X H2O = 10 −4 . The second surface (τ 0,λ = 10 6 ) corresponds to TiO absorption around 0.7 µm (σ λ ∼ 10 −16 cm 2 , Sharp & Burrows (2007) ) with X TiO = 10 −7 . Finally, the third surface (τ 0,λ = 10 8 ) corresponds to Na doublet line core absorption around 0.6 µm (σ λ ∼ 10 −15 cm 2 , Allard et al. (2019)) with X Na = 10 −6 . From examining Figure 2 , one notices three important takeaways:
1. Pure temperature differences (∆ ln X = 0) result in negligible biases to retrieved temperatures.
2. Compositional differences exceeding a factor 2 (∆ log 10 (X) > 0.3) result in T 1D biases to many hundreds of degrees colder thanT .
Observations 1 and 2 arise from properties off andg, elucidated in Appendix B. The final observation yields an important consequence for fitting 2D transmission spectra with 1D models: as a retrieval can only chose one value of T 1D ∀ λ, the chosen value will balance the differentτ 0,λ surfaces to minimise residuals between the 2D data and 1D model. The chosen T 1D , considered as a wavelength-average, will however still be biased to colder temperatures thanT ( Figure 2) . It may be possible to use such residuals, with sufficiently precise observations, to identify a preference for 2D atmospheric models. Figure 2 . Analytic exploration of 2D terminator temperature biases. The temperature of a 1D atmosphere (colourbar) with an equivalent transit depth to a 2D atmosphere with terminator temperature difference ∆T and compositional difference ∆log10(X). Surfaces are plotted forT = 1200 K with different mean reference optical depths,τ 0,λ , according to Equation 7. A substantial bias to cold temperatures T1D <T arises from the influence of compositional differences. An animated version of this figure, showing a 360 • rotation, is available in the HTML version of this article.
Limiting assumptions
The conceptual picture provided by Equation 7 and Figure 2 will be altered in regimes where the underlying assumptions break down. We highlight two important limitations: (i) if T 1D becomes sufficiently cooler thanT , neglected temperature dependencies in absorption cross sections, σ λ (T ), will alter the shapes of spectral features; and (ii) as ∆ ln X grows, the assumption that only one species dominates the opacity will be violated on the terminator side deficient in the given species. Taken together, the breakdown of these assumptions will place a lower limit on how cold T 1D may become.
1D models have two additional degrees of freedom to compensate for such higher order effects: X 1D and R p . Varying the former is already encapsulated by Equation 7. Varying the latter corresponds to the retrieved base planet radius, R p,1D , differing from the actual base radius, R p,2D (equated until now). A generalisation of Equation 7 for R p,1D = R p,2D is presented in Appendix A. Perturbing either X 1D or R p,1D (therefore biasing these quantities) effectively translates the surfaces in Figure 2 along the T 1D axis (not shown). We thus expect that some of the T 1D bias will be 'shifted' into X 1D and R p,1D , each attaining their own bias.
To relax many of the aforementioned assumptions, and establish the extent of T 1D , X 1D , and R p,1D biases, we turn to more physically realistic numerical models.
EXPLORATION OF 2D RETRIEVAL BIASES
We explore here the degree to which asymmetric terminators can confound 1D atmospheric retrieval techniques. Our strategy follows a four-step approach: (i) generate model transmission spectra for range of atmospheres with asymmetric (2D) terminators; (ii) convolve the 2D models to a spectral resolution and precision typical of current HST observations; (iii) run the synthetic data through a 1D retrieval code; and (iv) compare the retrieved 1D atmospheric properties to the true terminator-averaged properties. In turn, we describe our atmospheric case studies, the modelling and retrieval procedure, and present the resulting biases for each case.
Atmospheric case studies
As the cold retrieved temperatures of exoplanets span a wide range of equilibrium temperatures (Table 1) , so too must our proposed explanation. We therefore consider three diverse case studies of atmospheres expected to posses morning-evening compositional differences:
1. Warm Jupiter:T 1 mbar ∼ 1000 K, ∆T = 100 K (i.e. a 200 K morning-evening temperature difference). The warmer (evening) terminator has Na and K abundances representative of solar elemental abundances: log(X E, Na ) = -6, log(X E, K ) = -7 (Asplund et al. 2009 ). The cooler (morning) terminator is assumed depleted in Na and K by 2 orders of magnitude (a proxy for condensation). CH 4 roughly follows equilibrium abundances for a solar-composition atmosphere: log(X E, CH4 ) = -6, log(X M, CH4 ) = -4 (Heng & Tsai 2016) . H 2 O takes a solar abundance, assumed constant around the terminator: log(X E, H2O ) = log(X M, H2O ) = -3.3.
2. Hot Jupiter:T 1 mbar ∼ 1600 K, ∆T = 100 K. Both terminators possess constant Na, K, and H 2 O abundances: log(X Na ) = -6, log(X K ) = -7, log(X H2O ) = -3.3. The evening terminator additionally contains TiO and VO with roughly solar abundances: log(X E, TiO ) = -7, log(X E, VO ) = -8. The morning terminator is assumed sufficiently cool for all TiO and VO to have condensed out of the gas-phase in the observable atmosphere.
3. Ultra-hot Jupiter:T 1 mbar ∼ 2200 K, ∆T = 250 K. Both terminators possess Na, K, and H 2 O abundances as in the hot Jupiter case. However, here the evening terminator is warm enough for H 2 to partially dissociate and form an inventory of the hydrogen anion (Parmentier et al. 2018 ), for which we take: log(X E, H − ) = -8. The morning terminator is assumed too cold to support H − .
In all three cases, physical properties are representative of HD 209458b: R p = 1.359R J 5 , M p = 0.6845M J . Each planet is assumed H 2 +He dominated, with a solar-proportion He/H 2 ratio of 0.17. The pressuretemperature (P-T) profiles and morning-evening temperature differences are inspired by literature GCM profiles (e.g. Kataria et al. 2016; Helling et al. 2019) , constructed parametrically (Madhusudhan & Seager 2009) 6 . Each profile has an 'anchor' temperature at 10 bar, T deep , below which the atmosphere is homogeneous: T deep, warm = 1600 K, T deep, hot = 2200 K, T deep, ultra−hot = 3000 K. To isolate biases arising solely from the compositional and temperature differences, the terminators are assumed cloud-free. We note that the morning-evening differences assumed here are intended as illustrative of their corresponding biases, with strictly self-consistent profiles considered in section 4.
Modelling & retrieval procedure
Our model atmospheres, radiative transfer, and retrievals are computed using the POSEIDON atmospheric retrieval code (MacDonald & Madhusudhan 2017) . The atmospheric column in each terminator is discretised uniformly in log-pressure with 10 layers per decade, for 81 levels from 10 −6 to 10 2 bar. The deep atmosphere (P ≥ 10 bar) has a homogeneous temperature, by construction, hence the terminators share a spherical radial grid below the reference radius R p, 10 bar . Above this, separate radial grids are constructed for each terminator using P-T profiles, abundances, and planetary properties under hydrostatic equilibrium. The warmer evening terminator hence extends to greater radii (see Figure 1 ). The opacities of Na, K, H 2 O, CH 4 , TiO, and VO, cross section computations, broadening parameters, and line list references are described in Mac-Donald (2019) . H − continuum opacity is included (John 1988) . High-resolution (R ≈ 10 6 ) opacities are sampled onto a R = 2000 wavelength grid from 0.3 − 2.0 µm. Radiative transfer is solved separately for each terminator, with 2D transmission spectra constructed by a linear superposition of each terminator spectrum. Figure 3 . Numerical exploration of 2D terminator retrieval biases. Each column covers a different atmospheric case study: a ∼ 1000 K warm Jupiter, ∼ 1600 K hot Jupiter, and ∼ 2200 K ultra-hot Jupiter (see text for details). Top row: 2D model transmission spectra binned to typical HST STIS and WFC3 spectral resolutions (R = 20, 60) and precisions (100 ppm, 50 ppm). A 1D retrieval of this data yields the coloured confidence regions. Middle row: true morning (orange) and evening (red) P-T profiles used to generate each 2D model, alongside the terminator-averaged profile (black) and retrieved 1D profile (coloured contours). The pressure range typically probed by the spectra, 10 −4 −1 bar, is shaded red. Bottom row: retrieved 1D mixing ratio posteriors. The true terminator-averaged abundances (solid lines) are compared to the retrieved 1D abundances (labels). Na and K are omitted from the hot and ultra-hot Jupiter posteriors as they are relatively unconstrained (see the online posteriors). The retrieved 1D P-T profiles are biased to colder temperatures, while the retrieved abundances can be biased in either direction.
Synthetic Hubble observations are generated by convolving each model spectrum to the resolving power of the STIS G430 / G750 and WFC3 G141 grisms, before integrating over their respective sensitivity functions. We choose spectral resolutions and precisions typical of current HST observations (e.g. Sing et al. 2016 ): R = 20 and 100 ppm for STIS & R = 60 and 50 ppm for WFC3. The synthetic data are placed on the true transit depths (i.e. without Gaussian scatter), such that any posterior deviations from the true parameter values are attributable to a retrieval bias rather than a specific noise instance (see Feng et al. 2018 ). The resulting data are shown in Figure 3 (top row).
We subject each synthetic dataset to a Bayesian atmospheric retrieval. The retrievals assume a 1D forward model with a single 6 parameter P-T profile (Madhusudhan & Seager 2009), a single abundance for each species, and a 10 bar planetary radius. The warm and ultra-hot Jupiter retrievals have 11 free parameters, whilst the hot Jupiter retrieval has 12. The P-T parameter priors are as described in MacDonald & Madhusudhan (2019), with T deep ascribed a uniform prior from 400 − 3000 K. The logarithm of each mixing ratio has a uniform prior from -12 to -0.3. R p, 10 bar has a uniform prior from 0.85 − 1.15 R p . The parameter space is explored via the nested sampling algorithm MultiNest (Feroz & Hobson 2008; Feroz et al. 2009 Feroz et al. , 2013 , implemented by the python wrapper PyMultiNest (Buchner et al. 2014 ).
Results: retrieval biases
Our retrieved spectra, P-T profiles, and mixing ratios are shown 7 in Figure 3 . The 1D models achieve an excellent fit for the warm and hot Jupiters, with the median models lying within 1σ of all data points (i.e. discrepancies < 50 ppm). The ultra-hot Jupiter spectral fit is the least accurate, with around 15% of the data incorrectly fit to 1σ. The latter observation, most prominent at visible wavelengths, arises from a 1D model dominated by H − being unable to reproduce the superposition of H − and H 2 Rayleigh scattering encoded in the 2D model. However, for real observations with Gaussian scatter, it would be difficult to recognise such a model mismatch.
The retrieved P-T profiles are colder than the terminator-averaged profiles for P > 1 mbar. At a 10 mbar reference level (∼ the median photosphere), biases of -100 K, -200 K, and -1000 K result for the warm, hot, and ultra-hot cases, respectively. The retrieved profiles exhibit shallower temperature gradients than the true profiles, despite the ability of 1D retrievals to retrieve temperature gradients (Rocchetto et al. 2016; MacDonald & Madhusudhan 2017) , possibly explaining why many retrieved P-T profiles appear near-isothermal (e.g. Pinhas et al. 2019; MacDonald & Madhusudhan 2019) . Our findings match the general trend seen in Table 1 : retrieved temperatures become far colder than expectations (cf. skin temperatures) as T eq rises.
The mixing ratios for all significant opacity sources 8 are incorrectly retrieved to 1σ. Many chemical species are only retrieved accurately to the 3σ level (e.g. CH 4 , TiO, and H − ). Those species exhibiting compositional differences have retrieved 1D abundances biased lower than the true terminator-averaged values. Even species uniform around the terminator (here, H 2 O) are biased, though to higher abundances. Compositional biases become more severe as the retrieved P-T profile deviates further from the true terminator temperature. In the most extreme case, the retrieved H 2 O abundance is biased by over an order of magnitude, such that one would incorrectly believe a solar-metallicity atmosphere was 15 × super-solar at > 3σ confidence.
APPLICATION TO SPECIFIC PLANETS
Finally, we demonstrate that asymmetric terminators can naturally explain the cold retrieved temperatures of specific exoplanet atmospheres. We consider selfconsistently calculated temperature structures and com-positions for one hot Jupiter (WASP-17b) and one ultrahot Jupiter (WASP-12b). This allows the extension of section 3's results to consider changing compositions with altitude, due to effects such as TiO condensation and H 2 O dissociation, in a self-consistent manner.
Self-consistent atmospheric models
We compute self-consistent atmospheric P-T and compositional profiles under the assumptions of radiativeconvective and chemical equilibrium with rainout condensation and ionisation. An initial P-T profile is iteratively perturbed until a solution satisfying hydrostatic equilibrium, energy conservation, and equilibrium chemistry is obtained. Our models include all the opacities from Goyal et al. (2018) , alongside Fe and H − . The model is fully described in Goyal (2019) and Goyal et al. (in prep) . We simulate P-T profiles for each terminator by varying the recirculation factor (e.g. Fortney & Marley 2007 ) -a 1D proxy for advection due to winds.
Our self-consistent atmospheric profiles are shown in Figure 4 . WASP-17b displays large compositional differences in TiO and VO for P 10 −2 bar due to metal oxide condensation on the cooler morning terminator. We therefore add an opaque cloud deck to the atmospheric model at 10 mbar, serving as a proxy for Ti and V condensates. At the higher temperature of WASP-12b, compositional differences instead arise from H 2 and H 2 O dissociation in the upper atmosphere.
Transmission spectra are computed for each planet following the same methodology as section 3.2. Opacity and mean molecular weight contributions from the altitude-dependant abundances of H 2 , He, H, H − , Na, K, H 2 O, TiO, and VO are considered. For WASP-12b we discount TiO and VO, as their large spectral signatures are inconsistent with current observations at optical wavelengths (Kreidberg et al. 2015; Sing et al. 2016 ). The resultant 2D spectra are convolved to a similar resolution and precision as literature spectra for each planet : 200 ppm / 400 ppm for WASP-17b (STIS / WFC3) and 100 ppm / 50 ppm for WASP-12b. Retrievals are conducted as previously, with the addition of a cloud pressure parameter, P cloud , for WASP-17b.
Retrieval biases: WASP-17b & WASP-12b
Retrieval results for each planet are shown in Figure 4 . We obtain biased retrieved P-T profiles and abundances, despite 1D model spectra providing adequate fits to the 2D atmosphere spectra. Both planets have retrieved P-T profiles biased to colder temperatures, with more extreme biases for the ultra-hot Jupiter WASP-12b.
WASP-17b provides an example where retrieval biases are reasonably contained. Our retrieved photosphere temperature, T 10 mbar = 1265 +273 −237 K, is biased by Figure 4 . Influence of 2D atmosphere retrieval biases on self-consistent exoplanet atmospheres. Top row: 2D model transmission spectra for WASP-17b (left) and WASP-12b (right), forming synthetic HST STIS and WFC3 data with similar precisions to each planet's observed spectra . A 1D retrieval yields the coloured confidence regions. Lower left: true morning (orange) and evening (red) P-T profiles, alongside the terminator-averaged profile (black) and retrieved 1D profile (coloured contours). The pressure range typically probed, 10 −4 − 1 bar, is shaded red. Lower right: mixing ratio profiles for the morning (dotted) and evening (dashed) terminators. The true terminator-averaged abundances (solid) are compared to the retrieved 1D abundances (error bars). WASP-12b has a bimodal abundance solution, with the sub-dominant mode rendered by transparent error bars. Biases are greatest for WASP-12b, with a cooler P-T profile and erroneously enhanced abundances.
∼ 250 K below the true terminator-averaged temperature. This is consistent with reported literature temperatures (Pinhas et al. 2019; . The retrieved abundances of TiO, VO, and H 2 O agree with the true terminator-averaged values to 1σ. This demonstrates that abundances derived from transmission spectra with large error bars (> 100 ppm) can still be considered accurate despite 2D terminator differences. WASP-12b provides a cautionary tale for how 1D retrievals can infer erroneous atmospheric properties. The retrieved temperature, T 10 mbar = 1711 +472 −236 K, is biased by almost 1000 K below the true terminator-averaged temperature. This is consistent with the cold tempera-ture derived by Kreidberg et al. (2015) to 1σ and that of Pinhas et al. (2019) and to 2σ (Table 1 ). The abundance posteriors display a bimodal solution (see the online posteriors), with a highmetallicity mode (maximum likelihood) and a roughly solar metallicity mode. We represent each solution separately in Figure 4 , showing two 1σ error bars derived from separate retrievals with a cut imposed at log(X H2O ) = -2. The preferred mode has H − and H 2 O abundances biased by nearly 2 orders of magnitude: log(X H − ) = −7.75 +0.31 −0.41 and log(X H2O ) = −1.41 +0.17 −0.21 , echoing the lesson of section 3 that 1D abundances for ultra-hot Jupiters must be carefully considered.
SUMMARY & DISCUSSION
The retrieved cold temperatures of exoplanet terminators in the literature can be explained by inhomogenous morning-evening terminator compositions. The inferred temperatures arise from retrievals assuming uniform terminator properties. We have demonstrated analytically that the transit depth of a planet with different morning and evening terminator compositions, when equated to a 1D transit depth, results in a substantially colder temperature than the true average terminator temperature. This also holds for state-of-the-art retrieval codes, with the added complication that retrieved chemical abundances can also be significantly biased.
Our results have several implications for atmospheric studies of exoplanets:
1. Transmission spectra of planets with asymmetric terminators can be fit by 1D models, but the inferred atmospheric properties may not represent their true terminator-averages.
2. The temperatures of exoplanet terminators reported in the literature may be biased by several hundred degrees below their true value. The biases are most extreme for ultra-hot Jupiters, reaching ∼ 1000 K. Retrieved 1D temperature structures of asymmetric terminators also exhibit much weaker temperature gradients than those really present.
3. Chemical abundances derived from 1D retrieval techniques are often biased by greater than the quoted 1σ uncertainty, even if the species in question is uniform around the terminator. For ultra-hot Jupiters, such biases can exceed 3σ. These biases may limit our ability to robustly constrain planetary formation mechanisms from retrieved atmospheric compositions.
Our study has also revealed that 1D models do not provide perfect fits at all wavelengths to transmission spectra of planets with asymmetric terminators. Residuals present in 1D model fits offer the promise that sufficiently precise observations would yield a clear preference for 2D atmospheric models. Retrieval techniques with more sophisticated forward models may therefore be able to exploit these residuals to correctly infer unbiased properties of exoplanet terminators.
There is an urgent need to extend retrieval techniques to account for non-uniform atmospheres. Our findings add to the growing evidence that transmission spectra encode far more information than we can access by the application of 1D models (Fortney et al. 2010; Line & Parmentier 2016; Caldas et al. 2019; Pluriel et al. 2020) . Developing retrieval tools capable of accounting for 2D or 3D atmospheric properties will necessitate larger parameter spaces and increased computational burdens. Nevertheless, the opportunities afforded by such endeavours are immense, offering a rich multidimensional window into the atmospheres of these distant worlds.
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APPENDIX

A. DERIVATION OF THE 1D TEMPERATURE EQUIVALENT TO A 2D TRANSMISSION SPECTRUM
We wish to find the temperature a 1D model must take to produce the same transit depth as a 2D atmosphere with differing morning and evening terminators (Figure 1) . Following standard assumptions rendering analytic tractability to the transit depth integral in Equation 2, the condition ∆ λ,2D = ∆ λ,1D can be written as
This general form assumes a common base pressure, P 0 , for the morning and evening terminators. Due to the differing temperatures in each terminator, the radius corresponding to a given pressure diverges for altitudes above this reference level. R p,1D and R p,2D are defined according to r 1D (P = P 0 ) = R p,1D and r 2D, (M/E) (P = P 0 ) = R p,2D . As the atmosphere is assumed opaque below R p,1D and R p,2D in deriving Equations 3 and 6, P 0 must be sufficiently deep to satisfy τ λ 1 ∀λ (P 0 is hence often taken as 10 bar in retrieval studies). In what follows, two key assumptions will be made: 1. σ λ,i (T ) varies sufficiently weakly between the terminators that the temperature dependence can be dropped. This amounts to a zeroth order Taylor expansion about a reference temperature, which we take asT ≡ 1 2 (T E + T M ). Note the caveat in section 2.3 that this will break down for T 1D T .
2. The extinction at a given wavelength λ is dominated by a single chemical species, such that i X i σ λ,i ≈ Xσ λ .
For notational convenience, we hence drop the species index 'i' and cross section temperature dependence. Given these assumptions and notational conventions, Equation A1 can be rearranged to
Our goal is to solve for T 1D (or equivalently, H 1D ). We first rewrite the LHS of Equation A4 by inserting four factors of unity (1 =T /T =H/H =X/X = R p,2D /R p,2D ), such that 
Extracting a factor ofH − 1 2 andX from the second and third logarithms in each pair to subsume into the first logarithms, we can use Equation A6 to simplify the RHS 
2H γ + lnτ 0,λ +f +g (A18)
Introducing three new variables a = γ + lnτ 0,λ + ln H + ln The solution to the equation xe x = y is given by x = W (y), where W is the Lambert W function (Corless et al. 1996) . We can therefore write x = W −e −2aH (c + 2b)
Hence via the definition of x, H 1D = e 2a e W (−e −2aH (c+2b)) (A26)
The Lambert W function satisfies the property W (y)e W (y) = y, or equivalently e W (y) = y W (y) , hence
One ambiguity stems from W (y) having two real branches: W 0 (y) ≥ −1 (principal) and W −1 (y) ≤ −1 (lower). Since we require H 1D > 0, the denominator must be negative 9 for all arguments and hence we need the lower branch. Substituting back the definitions of a, b, and c (Equations A19, A20, and A21) into Equation A27 
In the special case where the deep radius is correctly retrieved (i.e. R p,1D = R p,2D ), we derive Equation 7.
which explains the roughly linear decrease of T 1D with ∆ log 10 (X) shown in Figure 2 . The factor of 1 − ∆T T modulating the gradient also explains why the coldest values of T 1D occur for pure compositional differences.
Finally, we note that the condition for cooling biases to occur from Equation B4 can be essentially reduced tog < 0. However, in the presence of both temperature and compositional differences, Equation 11 has a regime whereg > 0 (the 'wrinkle' in Figure 2 ). We can therefore define a 'critical' mixing ratio difference, ∆ ln X crit , where cooling biases begin according tog = 0, or ∆T T ∆ ln X crit = ln [cosh(∆ ln X crit )]
Numerically solving this equation results in ∆ ln X crit ∝ ∼ ∆T T as long as ∆T T 0.7 (with ∆ ln X crit → ∞ as ∆T T → 1). To obtain a quantitative handle on the scale of ∆ ln X crit , consider a conservative 'extreme' temperature difference of T E − T M = 1000 K on an ultra-hot Jupiter withT = 2500 K. This case has ∆T T = 500/2500 = 0.2 and a numerical solution of ∆ ln X crit ≈ 0.41 (∆ log 10 X crit ≈ 0.18), or equivalently a difference of ≈ 50 %. Therefore even minor differences in mixing ratios between the terminators enter the cooling bias regime. As a rule of thumb, compositional differences satisfying ∆ log 10 X > 0.3 (a factor of 2 difference) result in T 1D biased to hundreds of K colder thanT .
